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[57} ABSTRACT

A light emitting diode comprising a single crystal of
high efficiency violet fluorescing. zinc oxide together
with an ohmic cathode and a rectifying anode secured
thereto. The diode emits near band-gap radiation at
room temperature when energized with low D.C. voit-
age. The produced light is believed to be associated
with radiative recombination of free excitons.

18 Claims, 4 Drawing Figures
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ZINC OXIDE LIGHT EMITTING DIODE

CROSS REFERENCE TO RELATED
APPLICATIONS '

This application is a continuation-in-part of U.S. Pa-
~ tent Application Ser. No. 296,837, filed Oct. 12, 1972,
now abandoned, and is related to U.S. Patent Applica-
tion Ser. No. 291,023, filed Sept. 21, 1972, now aban-
doned, by one of the present inventors, Richard L.
Weiher, together with Kjell I. Hagemark and Gerhard
W. Voll. | |

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to light emitting diodes
(LED’s) and is particularly directed to LED’s which
are operable at room temperature and which efficiently
emit light upon excitation with low voltages.

2. Description of the Prior Art

LED’s convert electrical energy into light energy by
means of a radiative recombination of carriers (elec-
trons and holes) across a rectifying junction in a semi-
conductor. Early LED’s included. III-V compound
semiconductors in which light emission is produced as a
result of a radiative recombination of carriers at a p-n
Junction. A basic limitation of these early LED’s is that
the energy band-gap of most III-V compound semicon-
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ductors is such that the resultant light emission is in the

infrared wavelength region. Inefficient up-converters
must then be used to convert the infrared into visible
light.

II-VI compounds are known to exhibit efficient di-

rect wide-band-gap transitions, and have therefore been .

- extensively investigated for use in diodes which will
emit shorter wavelength light. Unfortunately, the same
wide band-gap which makes them desirable for such
applications also mitigates against the production of p-n
junctions in all but a few such compounds. The diffi-
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culty in forming a p-n junction has caused II-VI com- 40

pound LED research to be directed to the treatment of
[1-VI compounds for enabling a direct band-gap radia-
tive recombination in the II-VI compounds by non p-n

junction techniques. An exemplary survey of non p-n.

Junction radiative recombination mechanisms in II-VI
compounds is set forth in an article by A. G. Fischer,
Electroluminescence in II-VI Compounds, 541-599, at
pages 572-378; contained within the book, “Lumines-
cence of Inorganic Solids”, P. G. Goldberg, editor,
New York Academic Press, 1966, New York, New
York. -

In spite of such limitations, some degree of success in
forming II-VI compound LED’s is evidenced by U.S.
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Pat. No. 3,541,375 and U.S. Patent application Ser. No.

851,906, filed Aug. 21, 1969. Both references disclose
that the II-VI compounds must be doped with extrinsic
luminescent centers, since intrinsic radiative recombina-

tions having an energy nearly equal to the band-gap

were believed unlikely. Such LED’s produce radiation
having an energy characteristic of the luminescent cen-
ter and are incapable of producing near band-gap emis-

sion having an energy nearly equal to that of the band-
- gap of the II-VI material. |

SUMMARY OF THE INVENTION

~ We have invented what we believe is the first LED
which efficiently emits violet and near ultraviolet light
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at room temperature when a low electrical potential is
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apphied. The LED of this invention is characterized by

- a single, high efficiency violet fluorescing zinc oxide (a
- II-VI compound) crystal having a substantially ohmic

cathode contact secured to one portion of the crystal

and a rectifying anode contact secured to another por-
“tion of the crystal. In this LED near UV photons are

produced as a result of direct band-gap radiative recom-
binations. S

The characteristics of the zinc oxide crystals are of
paramount importance to this invention. Crystals useful
in the present invention are ‘described in the cross-
referenced copending U.S. Patent application Ser. No.
291,023 filed Sept. 21, 1972, the .entire disclosure of
which is incorporated herein by reference.

We have discovered that with these high external
fluorescent efficiency crystals having. a uniform low
resistivity throughout, efficient near UV emission hav-
Ing an energy nearly equal to the band-gap of zinc oxide
can be produced as the result of radiative recombina-
tions of electrons and holes. We believe the recombina-
tions are associated with a radiative decay of free exci-

tons, and are not associated with an introduction of

extrinsic luminescent centers such as are described in
the prior art cited hereinabove. The room temperature
(300° K) emission from the LED’s of the present inven-
tion is centered at about 4000A, ie., 3.1 eV, which
suggests band-gap transitions resulting from the decay
of excitons, since this is nearly equal to the band-gap of
zinc oxide. This is further confirmed by the low temper-
ature emussion (77° K) spectra, which shows a series of
Intensity peaks believed to be associated with the radia-
tive decay of free excitons together with the simulta-
neous production of one or more longitudinal optical
phonons.

‘We have further discovered that it is unnecessary to
dope the pure, high efficiency violet fluorescing zinc

- oxide crystals to enhance the injection of minority carri-
-ers (i.e., holes). We have found that direct contact of a

rectifying anode to such a ZnO crystal allows a suffi-
cient number of holes to be injected . into such a crystal
to enable the efficient production of light having an
energy close to the band-gap of zinc oxide.
- The mechanism whereby such efficient hole injection
is accomplished without treating the crystal is not clear.
It has been observed that efficient production of light
may result upon application of a forward bias voltage
having a potential less than the band-gap of the semi-
conductor. Hence quantum tunnelling does not appear
to be the sole means for hole injection.

A suitable rectifying anode may comprise a high

‘work function material. In one embodiment, a small

area anode containing a number of point contacts is
preferred. Such point contacts are formed of gold parti-
cles in a silicate binder when applied as a conductive
paint to the crystal surface. |

~ BRIEF DESCRIPTION OF THE DRAWING

- FIG. 1 illustrates a combined schematic and cross-
sectional view of one embodiment of a LED according
to the present invention;

FIG. 2 illustrates the emission spectra produced from
an LED according to the present invention, taken at 77°
K and 300° K; |

FIG. 3 illustrates a combined schematic and cross
sectional view of another embodiment of the present
invention in which a fluorescing layer is secured to the
crystal; and
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FIG. 4 illustrates a combined schematic and three
dimensional view of a further embodiment of the pres-
ent invention in which two opposite optically parallel
faces of the crystal forma resonant cavity for produemg
coherent emission.

The relative dimensions of the LED structures indi-
cated in the FIGS. 1, 3 and 4 are dlstorted to facﬂltate
clear portrayal.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS |

FIG. 1 includes a cross-sectional view of an illustra-
tive diode 10 according to the present invention. A high
work function material, such as the metals copper, sil-
ver, gold and platinum or a non-metal such as carbon, is
attached to a portion of a pure single crystal of zinc
oxide 12 to provide a small area rectifying anode 14
containing -a plurality of point contacts. A low work
function material, e.g., a metal such as indium, zinc or

transparent semiconductor such as tin oxide or indium

oxide, or mixtures of such oxides is attached to another
portion of the crystal 12 to provide an ohmic cathode

16. It is preferred that the work function of the cathode
be less than that of zinc oxide. A gold wire 18 is embed-
ded in the anode 14. L.ead 20 completes the connection
between the wire 18 and a DC source 22. Lead 24 may
be soldered directly to the cathode 16 and connected to
the source 22. When a low DC voltage, in excess of
about 1.8 volts, is applied from the voltage source 22 in
the forward direction (i.e., with the anode positive) to
diodes having anodes such as disclosed in the examples
set forth hereinafter, violet light is emitted from the area
adjacent the anode 14 at a current density of 10-20
amperes/cm?. Similar results are obtained with a low
AC voltage

FIG. 2 is illustrative of the spectral characteristics of
the emitted light. A broad band ZnO emission spectrum
26, having a peak intensity centered at about 4000A, 1s
observed at room temperature. When the diode is oper-
ated at cryogenic temperatures (e.g., about 77° K) at
which the band-gap of the zinc oxide is shifted to about
3.4 eV, the ZnO emission spectrum 28 is seen to shift to
a shorter wavelength and to break into a series of peaks.
These peaks in the spectrum 28 are separated from each
other by an energy associated with that of one longitu-
dinal optical phonon, with the highest energy peak
being at an energy associated with the annihilation of
the lowest lying free exciton and the emission of one
longitudinal optical phonon, thus giving rise to the
belief that the emission 1s due to the radiative recombi-
nation of free excitons (electron-hole pairs) and the
simultaneous emission of one or more longitudinal opti-
cal phonons. These spectra are identical to UV excited
fluorescence spectra.

FIG. 3 is illustrative of an embodiment of the present
invention in which a UV sensitive fluorescent layer 30 is
secured to the crystal 32. In one example, a dot of gold
paint 34, such as 1s described in Example 3 hereinafter,
is applied to the crystal 32 while indium foil 36 1s se-
cured to another face to complete the basic LED struc-
ture. Electrical contacts are made by positioning the
LED within a jig 38 having a conductive base 40 onto
which the indium foil 36 readily forms an ohmic
contact. An electrical lead 42 is conveniently secured
thereto' for completing a connection to the negative
terminal of a DC source 44. An insulative support mem-
ber 46 is secured to the base 40. A gold wire 48 is se-
cured to the support member 46 and spring loaded
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' against the gold dot 34. A lead S0 is electrically con-

nected to the wire 48 in order to complete the connec-
tion to the source 44. An aperture 52 is provided in the
base 40, through which light may be emitted upon ener-
gization of the LED. In this embodiment, the wave-
length of the emitted light 1s dictated by the fluores-
cence characteristics of the layer 30, Wthh fluores-
cence is stimulated by the violet and near UV light
produced in the crystal 32. -
In another embodiment, the LED of the present in-
vention may be fabricated to form a resonant cavity
such that coherent radiation may be produced there-
from. In such a case, a zinc oxide crystal is preferably
cleaved to produce opposing optically parallel faces
which are then reflectorized to form the resonant cav-
ity. FIG. 4 shows such an embodiment, in which a zinc
oxide crystal 54 cut and chemically polished according

to the manner set forth in Example 1 is cleaved to pro-

duce opposing optically parallel faces 56 and 58. Reflec-

torized layers 60 and 62 are secured to the cleaved faces

56 and 58 to complete the resonant structure. A thin
strip gold rectifying anode 64 is applied on one face,

extending between the reflectorized faces, and an ohmic
cathode 66 is applied to the surface opposite the anode
64. Upon suitable excitation from the source of DC
potential 68, under conditions in which the concentra-
tion of excitons reaches at least a predetermined con-
centration, coherent emission through one of the reflec-
torized layers 60 or 62 may be produced -

The zinc oxide crystals used in the present invention
may be in the form of thin slabs sliced from a single
crystal or may be used as naturally grown

The crystals are selected for use in our LED’s upon

observing the fluorescence emanating therefrom upon

exposure to ultraviolet radiation from a laser, mercury
arc or similar UV source while at a temperature of
about 77° K. Such observations are made by using a
calibrated spectrophotometer, such as a Perkln-Elmer
Inc. Model 350. If the crystal fluoresces in. the
3700-4000A band at an external fluorescent efﬁc1ency
in excess of about 0.001, it is suitable for use in the LED.

Routine examination of a quantity of crystals is facili-
tated by comparing the fluorescence with that pro-

duced by a “standard” material earlier determined to

have a high external fluorescent efficiency of 0.01-0.02.
Crystals exhibiting near UV fluorescence as low as 10%
of the “standard” are still useful in our light emitting
diode. Determination of the efficiency of the “standard”
material 1s conveniently accomplished by using a cali-
brated UV source together with the spectrophotometer
according to established photometric techniques. One
such technique is fully set forth in the above-referenced

copending patent application Ser. No. 291,023, filed
Sept. 21, 1972. The external fluorescent efficiency, is an

expression of the ease with which radiative transitions
occur within the crystal. External fluorescent efficiency
1s herein defined as the ratio of the measured fluorescent
energy to the measured excitation energy. -
Comparative determination of diode and external
fluorescent efficiencies may be made, wherein an LED
1s positioned such that a UV source can be focused onto
a smooth surface of the crystal adjacent the anode to
uniformly excite an area on that surface substantially
equal to the area of the anode and such that the same
solid angles between the anode and the spectrophotom-
eter and the UV excited area and the spectrophotome-
ter are maintained. For example, an LED fabricated in
the manner set forth in Example 2 hereinafter, after
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having been first treated to have an optically smooth
surface on which a gold anode was applied, was excited
by focusing near UV light (3250A) from a Spectra
Physics Inc. Model 185 laser, onto the adjacent area to
uniformly excite that area. A portion of the resultant
fluorescent light was collected by a calibrated photode-
tector adjacent an opposite surface of the crystal. The
external fluorescent efficiency of the crystal was deter-
mined to be about 0.02. Electrical energy was then
apphied to the anode and cathode and the emitted diode
light was similarly measured by the photodetector.
Under suitable excitation levels the diode was observed
to have an internal efficiency of approximately 0.01.
With an optimum optical geometry for collecting as
much of the internally generated light as possible the
external efficiency will similarly approach 0.01.

Most as-grown zinc oxide crystals exhibit primarily a
green fluorescence in a band between 4500-6000A.
Such crystals in that state are not useful in the present
invention, and may be converted according to the
method fully disclosed in detail in the copending patent
application, Ser. No. 291,023, referred to hereinabove.
In a preferred embodiment, the technique involves dop-
Ing the zinc oxide crystal with excess zinc, followed by
a polishing step to remove an outer layer thereby opti-
mizing violet and near UV fluorescence from the inte-
rior of the crystal. |

Generally, crystals or slabs of zinc oxide which meet
the above fluorescence requirements have been found
to have an electron concentration equal to about 10!7
electrons per cm® at room temperature. This level of
electron concentration serves to keep the room temper-
ature resistivity of the crystal at about one ohm-cm. If
the concentration of acceptor states, specifically those
provided by Li and Na, can be reduced below 1016 per
cm?, it is believed that the conduction band electron
- concentration may similarly be reduced, without mate-
rially altering the operability of LED’s using such Crys-
tals.

Slabs cut from large boules of zinc oxide may conve-
niently be cut parallel or perpendicular to the z-axis.
Where x or p-cut slabs are used, the crystal slab may be
oriented to have either face adjacent the anode. Where
z-cut slabs are used for ease in etching, it is preferable to
attach the anode to the oxygen face of the crystal, De-
termination of the zinc and oxygen faces is easily made
in that the oxygen face develops a characteristic frosty
appearance upon etching with phosphoric acid,
whereas the zinc face is much more resistant to such
treatment. |

Diodes produced according to the teaching herein
exhibit typical diode current-voltage relationships and
are capable of utilizing current densities equal to 10
amps per cm® without the light output saturating as a
function of voltage, provided that a sufficiently low
duty cycle is applied to prevent undue heating of the
crystal. Since the emission consists of highly energetic
photons, it can be efficiently converted into virtually
any color by being coupled to phosphors excitable by
the near UV light. In certain preferred embodiments,

such conversion is effected by coating the zinc oxide

crystal with a selected luminescent material which is
sensitive to the near UV light.

In a further preferred embodiment the crystal sur-
faces are shaped to minimize the internal reflection
losses and to focus the generated light into an area suit-
able for the intended use.
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6
Specific embodiments of useful light emitting diodes

are as follows: .
| EXAMPLE 1

A vapor phase grown ZnO crystal was immersed in
ZnS powder in a covered crucible, heated at 1000° C
for 35 minutes, and etched in dilute H3PO, (4 pts. H,O
- 1 Pt. 85% H;PO,). After this treatment, the crystal
exhibited efficient violet light emission when excited
with UV light in the manner previously described. The
crystal was cut into slabs about 1 mm thick, which were
fine ground with sapphire powder to a thickness of
about 100 microns on a commercial polishing apparatus;
and an acid etch 20% H,PO, was applied to each sur-
face to remove any destruction layer. Each slab was
rechecked to assure that it exhibited efficient violet light
emission under UV excitation. These slabs were placed
on a clean glass surface and mounted in a vacuum Sys-
tem 23 inches (64 mm) below a tungsten wire basket
loaded with a clean 4 inch (102 mm) length of 0.008 inch
(0.2 mm) diameter 100% gold wire. The vacuum system
was sealed and evacuated to at least 10—5 Torr and the
Au was evaporated onto the crystal face. The system
was then brought to atmospheric pressure, opened and
the glass plate containing the slabs removed. Indium
(99.999% pure) was similarly evaporated on the Oppo-
site face of the slabs. However, in this case, the system
was returned to atmospheric pressure by allowing nitro-
gen gas to fill the bell jar to prevent any oxidation of the
evaporated indium in case the wafers were still warm.
Wafers about 2 mm X 3 mm were then cleaved from
the larger ZnO slabs. When pressure contacts were
attached to the evaporated layers and a forward voltage
(i.e., with gold positive) greater than 1.8 volts applied,
near UV and violet light was emitted from the crystal
below the gold anode. The spectral dependence of light

output versus wavelength for the emitted light at 300°
and 77° K was typically as shown in FIG. 2.

EXAMPLE 2

A large ZnO crystal, approximately 1 X 1 X 1 cmd,
was heated in ZnS powder at 1000° C for 30 minutes
and then etched in H,PO, as in Example 1. After this
treatment, the crystal exhibited efficient violet emission
when excited with UV in the manner set forth herein-
above. An anode material was formed of 300 mesh gold
powder dispersed in a sodium silicate binder solution
(i.e. Sauereisen thinning liquid # 14, obtained from the
Sauereisen Cements Co., Pittsburgh, Pennsylvania) to
form a paste. Dots of the gold paste approximately 1
mm in diameter were placed on the oxygen face of the
crystal and allowed to dry, thus forming rectifying
anodes. The cathode was indium-foil pressed to the
sides of the crystal. With approximately 2v DC applied
via pressure contacts to the gold and indium layers,

violet light was emitted from beneath the anode dots
and could be observed through the zinc face.

EXAMPLE 3

A z-cut wafer of ZnO about one mm thick was heated
in ZnS powder at 1000° C for 30 minutes and polished
by etching in H,;PO, acid as described in Example 1.
The wafer exhibited efficient violet emission when ex-
cited with UV. Fine, sharp needles of gold, made by
dissolving gold powder in mercury and removing the
mercury with acid, were mixed with Sauereisen liquid
thinner #14 to form a paste. Dots of the paste were
placed on the oxygen face of the wafer and allowed to
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dry, thus forming rectifying anodes. Green luminescent
ZnS powder was mixed with Sauereisen liquid thinner
#14 and painted onto the zinc face opposite the anode
dots. The cathode was indium foil pressed to the sides of
the wafer. Violet emission occurred under the anode
dots which, in turn, excited the ZnS luminescent pow-
der to emit green light, when 9-12 volts DC was ap-
plied via pressure contacts to the gold dots and indium

foil.
EXAMPLE 4

A ZnO z-cut wafer 0.5 mm thick, having an area 1 cm
X 1 cm was heat-treated in ZnS powder at 1240° C for
20 minutes. The crystal was then polished by etching in
H,PO, as described in Example 1, and thereafter exhib-
ited efficient violet emission when excited with UV.
The zinc face of the wafer was then fine ground and
coated with a transparent conductive layer of tin oxide
as follows: Tin chloride powder was placed in an ex-
panded region of a Pyrex tube and the wafer was placed
at the other end of the tube. The whole system was
 heated to approximately 400° C and a mixture of oxygen
and nitrogen gas transported the tin chloride vapor
down the tube where it deposited on the wafer and
oxidized to tin oxide to provide an ohmic, transparent,
conductive coating. Four gold paste dots, as described
in Example 3, were placed on the oxygen face and al-
lowed to dry. With 9 volts DC applied via pressure
contacts to the appropriate layers across the crystal

(dots being the anode and the tin oxide coating being
the cathode), a bright violet emission was observed

under the gold dots when viewed through the transpar-
ent tin oxide coating.

EXAMPLE 5

A z-cut ZnO wafer approximately 0.5 mm thick hav-
ing an area 1 cm X 1 cm was heat-treated in ZnS pow-
der at 1240° C for 20 minutes. The wafer was etched
afterwards in H;PQO, as described in Example 1 until it
exhibited efficient violet emission when excited with
UV. The oxygen face was coated with a conventional
organic blue phosphor which fluoresces in the visible
under UV excitation by dissolving the phosphor in
alcohol and placing a few drops of the solution on the
face and allowing to dry. Over this coating were ap-
plied dots of gold paste, as described in Example 3.
Indium-foil was clamped to the edge of the wafer as the
cathode. With 9 volts DC applied via pressure contacts,
a bright blue emission was observed from directly be-
neath the anode dots. When the zinc face was also
coated with the same dye containing alcohol solution,
even brighter blue emission was observed with 9 volts
DC applied across the crystal.

It has been found that small area point contacts are
highly desirable in order to obtain efficient minority
injection such that a sufficient number of minority carri-
ers (i.e., “holes” in the “n-type” ZnQO crystal) are pro-
duced under practical high field and current density
conditions to radiatively recombine with electrons to
produce useful quantities of light. The presence of a
large number of such contacts within each dot of gold
paste, or evaporated section of gold, etc. 1s evident by
the presence of a number of minute spots of light associ-
ated with each dot. Each spot has an average dimension
on the order of 0.5 micrometers or less. It is thus be-
lieved that each spot of light emission results from a
minute point contact of approximately the same size as
the light spots, or less.
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It 1s believed that the gold particles used in the anode
contacts discussed in the examples set forth hereinabove
form the efficient small area point contacts which inject
minority carriers into the crystal. Preferably, gold nee-
dles mixed in a “Sauereisen” cement are used as the
anode in forming such point' contacts.: When evapo-
rated, gold films were used as the anode, it was neces-
sary to cleave or otherwise mechanically deform the
crystal wafer in order to form such efﬁment small area
point contacts on the crystal: |

To further explore the formation of point contacts,
crystals of ZnO have been further treated with concen-
trated HCI, which crystals have then been coated with
a thin (30-100A) film of silica (SiO,, where x = 1.7)
which is believed to contain a large number of disconti-
nuities. Diodes were then formed from the silica coated
crystals using a gold film anode. The characteristic
emission of many spots of light was still observed.

Diodes formed from uncleaved or non-deformed HCI
treated crystals but without the subsequent silica film
applied thereto were not observed to produce any use-
ful quantity of light emission.

In a further embodiment, rough gold spheres of 10
micrometers in diameter were applied without
“Sauereisen” cement to the crystal surfaces as the anode
contact. Appreciable quantities of light were observed
to emanate from the vicinity of the gold contacts.

Indicator lights, symbolic and graphic displays are
prime examples of used for these novel LED’s. -

The high photon energy of the light emitted by the
diodes of this invention also opens up film annotation-

recording uses wherein light sensitive film can be di-
rectly exposed at rapid speed, without requiring spec-
tral sensitization of the film. In a similar manner, selec-
tive energization of a coded array of diodes will enable
facsimile recording.

The ease with which light of any color can be pro-
duced by coupling the diodes with appropriate phos-
phors, enables the production of display devices in any
color and, more importantly, the production of multi-
color displays 1n a color coded array analogous to con-
ventional color television screens.

The wavelength of the emitted light matches the peak
sensitivity of many photodetectors, and enables the use
of the diodes of the present invention as optoisolator
systems even under ambient hght conditions.

The diodes are further useful in gas spectrographic
detection systems in which selective absorption of the
light provides an indication of the composition and
presence of a particular gas. |

The energetic radiation is also useful in initiating
catalytic behavior in chemical reactions to provide
selective reactions at only localized locations.

The ease with which multiple colors may be pro-
duced allows many advantages when used as instrument
panel lamps, indicator lamps in automobiles, airplanes,
etc., alphameric character displays, flat screen displays
and the like.

These diodes exhibit response times in the submi-
crosecond range. This allows the diodes to be used in
information data links such as computer data transmls-
sion lines and the like.

Having thus described the present invention, what
we claim is:

1. A light emitting diode comprising a crystal of high
efficiency violet fluorescing zinc oxide, a substantially
ohmic cathode secured to a portion of the crystal and a
rectifying anode secured to another portion of the crys-
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tal, which diode emits light at room temperature when
a low electrical potential is applied across said cathode
and anode, wherein the zinc oxide crystal is a thin z-cut
slab sectioned from a single crystalline boule and

wherein the rectifying anode is secured to an oxygen

face of said slab.
2. A diode according to claim 1, wherein the zinc
oxide crystal is characterized by fluorescent efficiency
~at 77° K of not less than 0.001 and a carrier concentra-
tion of not less than 10!7 electrons per cm?.

3. A diode according to claim 1, wherein the substan-
tially ohmic cathode comprises a material having a
work function not appreciably greater than the work
function of zinc oxide.

4. A diode according to claim 3, wherein said cathode
material consists of indium or zinc. |

5. A diode according to claim 3, wherein said cathode
material consists of transparent conductive oxides of tin,
indium or mixtures thereof.

6. A diode according to claim 1, wherein said rectify-
ing anode comprises gold, platinum, carbon, silver or
copper. |

7. A diode according to claim 1, wherein the rectify-
ing anode contains at least one point contact.

8. A diode according to claim 7, wherein the point
contacts comprise a conductive paint secured to a crys-
tal surface substantially free of destruction layers,
which paint comprises gold particles dispersed in a
silicate binder. | _

9. A diode according to claim 1, further comprising a
layer of luminescent material secured to receive light

emitted from the zinc oxide crystal and to emit light of

a second wavelength in response to said received zinc
oxide emitted light. |
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10. A diode according to claim 1, wherein the zinc
oxide crystal has opposing major faces and the cathode
and anode comprise layers evaporated onto said faces.

11. A diode according to claim 10, further comprising
electrical contacts and means for holding the electrical
contacts under pressure against the evaporated layers to
facilitate passage of electrical current.

12. A diode according to claim 1, wherein each cath-
ode and anode is a conductive paint, foil or evaporated
film. |

13. A diode according to claim 1, in which said Crys-
tal consists of a pure crystal of high efficiency violet
fluorescing zinc oxide.

14. A diode according to claim 1, in which said Crys-
tal consists of an untreated crystal of high efficiency
violet fluorescing zinc oxide.

15. A diode according to claim 1, wherein said crystal
is further fabricated to have a pair of optically parallel
and at least partially reflective faces to form a resonant
cavity for the production of coherent emission.

16. A light emitting diode according to claim 1,
wherein the rectifying anode comprises an array of
1solated anodes on a surface of the zinc oxide crystal
and the substantially ohmic cathode is secured to a
portion of the crystal selected so as not to impede the
emission of light from the vicinity of each of said array
of isolated anodes.

17. A diode according to claim 7, wherein the point
contact has an active barrier area having an average
diameter of not more than 0.5 micrometers.

18. A diode according to claim 7, wherein a number
of point contacts are contained within the rectifying

“anode.
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